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Arsenic (III) is much more toxic and difficult in removal than Arsenic (V) by 
conventional arsenic removal technologies. However, As(III) may be more prevalent in 
groundwater than As(V). Furthermore, as of 23 January 2006 the EPA will require all public 
water facilities to meet the new standard of 10 ppb maximum for arsenic in drinking water. 
Therefore, a method for removing As(III) is urgently needed. A precondition for better As(III) 
removal is to oxidize it to As(V). In this study, hydrogen peroxide, air, potassium ferrate, and 
potassium permanganate were used as oxidizers, and it was found that both Fe(VI) and 
Mn(VII) are effective As(III) oxidizers. The impacts of pH, As(III) initial concentration, and 
the amount of oxidizers on the As(III) oxidation efficiency of Fe(VI) and Mn(VII) were also 
investigated. The results show that the pH value of tested water is a significant factor 
affecting the As(III) oxidation efficiency of Fe(VI). However, the As(III) oxidation efficiency 
of Mn(VII) does not depend much on pH. Although theoretical redox analyses suggest that 
Fe(VI) should be a better oxidizer than Mn(VII) throughout the entire pH range, 
experimental results show that Mn(VII) performs better than Fe(VI) for As(III) oxidation 
under acidic conditions due to the acid-catalyzed redox reaction between Fe(VI) and H2O. 
This study also investigates subsequent As(V) removal efficiency after As(III) 
oxidation by Fe(VI). The removal efficiency obtained in this research is very low. This is 
probably because of the low concentration of Fe(VI) in the solution and because the water 
was not flocculated. 
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CHAPTER 1. INTRODUCTION 
Arsenic (As) contamination of drinking water has received increased attention in 
recent years because of its carcinogenic properties[1]. Arsenic poisoning has affected 
millions of people worldwide, especially in Bangladesh. This problem is more serious than 
was previously thought [2]. Accordingly, the Environmental Protection Agency of the United 
States recently reduced the maximum contaminant level of arsenic in drinking water from 50 
to 10 µg/L (ppb), which is the same limit suggested in World Health Organization guidelines. 
As a result, there has been an increasing interest in the removal of arsenic from drinking 
water in order to meet the new more stringent standard. 
Arsenic is a naturally occurring toxic element that exists in both organic and inorganic 
forms in nature. Organic arsenic species in water supplies are seldom above 1 µg/L [3] and 
have little significance in drinking water treatment. Two common soluble inorganic species 
of arsenic in natural water are arsenate (As(V)) and arsenite (As(III)). As(V) exists as an 
anion (e.g., HZAs04 or HAs042-) in the normal pH range of natural water, and As(II~ is a 
neutral molecule, H3As03. As(~ and As(III) are present mainly in surface water and 
anaerobic groundwater, respectively. As(II~ is more toxic and mobile than As(V), and in 
common arsenic removal technology its removal efficiency is much lower than that of As(V). 
Therefore, in order to improve removal efficiency and lower the arsenic levels to less than 10 
µg/L, pretreatment for oxidation of As(III) to As(V) is necessary. Although As(V) is 
thermostable, and the oxidation of As(III) to As(V) in the presence of oxygen is 
thermodynamically favored, the reaction time may be as long as days, weeks, or months 
according to the specific condition of the natural water. Oxidation of arsenite can be achieved 
with common chemicals such as C12. However, harmful Cl-based by-products could be 
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generated during this oxidation process. The following oxidants are reported: ozone and 
oxygen [4], hydrogen peroxide [5], manganese oxides [6,7], UV/iron [8,9J, Ti02/UV [10,11], 
and ferrate [12]. Because each oxidant has its advantages and disadvantages, developing 
more efficient oxidation technologies by studying the oxidation mechanism of some oxidants 
is still desirable. 
Both ferrate and potassium permanganate are powerful oxidants that may oxidize 
As(III) to As(V) according to theoretical calculations. Lenoble et al. [13] examined five 
common oxidants: FeC13, KMn04, Mn02, H2O2, and NaOCI. They claimed that potassium 
permanganate is one of the most promising oxidants because it is easy to handle and 
produces no harmful by-products. Since they only did a preliminary study for the As(III) 
oxidation efficiency by KMn04, more detailed research should be done to investigate the 
oxidation ability of KMn04. The redox potentials of ferrate (VI) ions are 2.20 and 0.72 V 
under acidic and basic conditions, respectively [14]. The redox potential shows that ferrate 
could be the strongest oxidant used for water and wastewater treatment in the acidic range. 
However, ferrate easily decomposes under acidic conditions, so more research should be 
done to investigate its As(II~ oxidation efficiency. 
This research investigates As(III) oxidation by four oxidants: potassium permanganate 
(KMn04), potassium ferrate (KZFe04), hydrogen peroxide (H2O2), and air (02). Since H2O2
and air were not efficient oxidants in As(III) oxidation, this research focuses on the oxidation 
of As(III) by Fe(VI) and Mn(VII). Various factors that affect As(III) oxidation, including pH 
level, initial concentration of As(III), and oxidizer dosage, are also explored. Because of their 
multiple oxidation states, the potential oxidation processes applied in this research for the 
oxidation of As(III) can be 
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2As3+ + FeO4- + 6H+ ~ 2As5+ + Fe(OH)2 + 2H2O (l . l ) 
3As3+ + 2FeO4- + l OH+ ~ 3As5+ + 2Fe(OH)3 + 2H2O (1.2) 
SAs3+ + 2MnO4 + 16H+ ~ SAsS+ + 2Mn2+ + 8H2O (1.3) 
3As3+ + 2MnO4 + SH+ —~ 3As5+ + 2MnO2 + 4H2O (1.4) 
Based on the experimental results, the mechanisms of As(III) oxidation by KMn04
and K2FeO4 will be investigated. 
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CHAPTER 2. LITERATURE REVIEW 
2.1. Background 
Arsenic is widely distributed in the earth's crust, and it can cause many health 
problems. Arsenic has no distinctive taste or smell, and it finds its way into the human body 
through the ingestion of contaminated water, leading to cancer of the bladder, lungs, skin, 
kidney, liver, and prostate. Furthermore, arsenic can readily cross the placental barrier to 
affect fetal development and other reproductive functions, and thus the effects of As 
poisoning can be transmitted teratogenically. 
Arsenic is found in both groundwater and surface water sources. It is introduced into 
surface water by soil erosion, mineral leaching, weathering, and arsenic-enriched geothermal 
waters [ 15,16] . Arsenic contamination of air, soil, and surface waters can be caused by 
mining and smelting of metal ores, the use of arsenical pesticides, industrial waste effluents, 
and the combustion of fossil fuels [ 17] . 
The dominant arsenic species in natural water is dependent on pH and redox potential. 
In drinking water supplies, dissolved arsenic occurs as either arsenate, As(V), or arsenite, 
As(III). Arsenite is about 60 times more poisonous than arsenate and 70 times more toxic 
than the methylated species. In aqueous solutions, arsenate can exist as H3As04, H2As04", 
HAs042", and As043", while arsenite occurs as H3As03, H2As03", and HAs032". The acid-base 
dissociation reactions of arsenic acid can be described as follows [ 18] 
H3As04 ~ H+ + H2As04_ 
H2As04" ~ H+ + HAs~42" 
HAs042 ~H+ + As043-
pKa = 2.20 
pKa = 6.97 





H3As03 ~ H+ + H2As03_ 
H2As03- ~ H+ + HAs032-
HAs032- ~H+ + As033-
pKa = 9.20 (2.4) 
pKa = 12.1 (2.5) 
pKa = 13.4 (2.6) 
Figures 1 and 2 show the speciation of As(V) and As(III) in different pH value. 
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Figure 2. The speciation of As(IIl) at different pH 
According to the above reactions and figures, in natural water, arsenate is usually 
present in mono- or divalent anionic forms, such as H2As04- and HAs042-, and arsenate 
occurs typically in the neutral form as H3As03. 
Arsenic poisoning has affected millions of people worldwide, including those in West 
Bengal, India [ 19]; Bangladesh [20-21 ]; Northern Mexico [23]; the United States [24]; New 
Zealand [25]; and Italy [26]. The arsenic contamination of subsurface water is a very serious 
problem in Bangladesh and certain districts of West Bengal, India, where many of collected 
samples of drinking water from different districts contain above 50 µg/L of arsenic. The 
exact sources and mechanisms of arsenic contamination of surface and subsurface water in 
Bangladesh are unknown, although many researchers have supported the geogenic origin. 
Figure 3 shows the distribution of arsenic in the United States. There are local variations. 
~tr~~n i~ ~rt~r~~~nxr..a~'~n~' irr a~ t~a~ ~.t . 
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Figure 3. Arsenic distribution in the United States 
2.2. Arsenic removal technologies 
Various treatment technologies including coagulation-precipitation, adsorption, lime 
precipitation, selective membrane methods, ion exchange, and biological treatment have been 
reported in the literature on arsenic removal from drinking water. However, no single 
treatment technology can satisfy every requirement. Many factors such as arsenic 
concentration, speciation of arsenic (arsenate versus arsenate), feedwater pH, and the 
presence of interfering/competing ions such as silica, fluoride, phosphate, sulfate, dissolved 
iron, and manganese. Dissolved oxygen content, daily water usage, and maximum flow rate 
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also must be considered before selecting a technology. Since the pH value determines the 
predominant species present in water, it plays a predominant role in arsenic removal 
treatment. 
As(V) and As(III) are present mainly in surface water and anaerobic groundwater, 
respectively. The ratios of As(V):As(III) were about 2.7-3.7 and 0.6-0.7, respectively, at 
depths of 10.5 and 25 m in a coastal sandy aquifer of Australia [27]. As(III) is more mobile 
than As(V) and exists as a neutral form in natural water. This results in lower removal 
efficiency by adsorption. Because of its higher toxicity and its higher mobility and 
correspondingly lower removal efficiency, As(III) is a greater environmental hazard than 
As(V). Two novel adsorbents, granular ferric hydroxide (GFH) [28,29] and nanoscale 
zero-valent iron (NZVI) [30], are reported as efficient adsorbents of As(III), but their abilities 
to remove As(III) are still lower than their abilities to remove As(V). Most previous studies 
concluded that oxidation of As(III) to As(V) is necessary for its complete removal using the 
common arsenic treatment technology. 
2.3. Oxidation of As(III) 
Converting As(III) to As(V) maybe achieved by either microbiological or chemical 
processes. This paper focuses on chemical processes. Although many studies have been done 
to investigate the As(III) oxidation by chemical processes, the oxidation rates and the specific 
rate constants obtained for some of the oxidants in these studies are inconsistent, which is 
probably because of the different oxidation conditions under which the previous experiments 
were conducted. Among the oxidizers studied in the previous research, the abilities of air, O2, 
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and H2O2 to oxidize As(III) are not high, but Mn02, 0 3, ferrate, KMn04, and UV/Ti02 are 
theoretically applicable in water treatment. 
2.3.1. Ferrate 
Ferrate is one of the environmental friendly reagents used in water and wastewater 
treatment since it can be used simultaneously as an oxidant and coagulant. Ferrate has a 
strong oxidizing potential and will be reduced in the oxidation process to Fe(III) ions, which 
are a popular coagulant used in the coagulation unit. 
Lee et al. [ 12] studied the arsenic (III) oxidation by iron (VI) under pH levels from 8.4 
to 12.9 and found that the half-life of As(III) oxidation was less than 1 second for Fe(VI), and 
the reaction stoichiometry of As(III):Fe(VI) was 3:2. The acid-base dissociation reactions of 
ferrate can be desc~i~ed as 
HFe04-~ H+ + Fe042- pKa = 7.2 (2.7) 
Lee et al. thought that HFe04- reacted more rapidly with H3As03 than with Fe042-. 
Their results also showed that the reaction rate between Fe(VI) and As(III) decreased with 
increasing pH since Fe042- reacts faster with the nonionic species of As(III) than with the 
ionic species because of the greater charge repulsion between two negatively charged species. 
Due to the high reaction rate between Fe(VI) and As(III), the effect of temperature on the 
reaction rate was insignificant. 
Lee et al. also conducted arsenic removal studies in their experiments. The results 
showed that very low levels of Fe(VI) could be very effective in removing arsenic. 
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2.3.2. Ozone and oxygen 
Most of the previous reseaxch concluded that As(II~ reacts quickly with 0 3, but slowly 
with 0 2. The half-life of As(III) oxidation obtained by Kim and Nriagu was approximately 4 
minutes for 0 3, 2-5 days for pure OZ, and 4-9 days for air [4]. Their results also indicated 
that the nature of the oxidizer was an important factor affecting the reaction rate since there 
was not much difference in the reaction rate between 100% oxygen and air (21 %oxygen). 
Although ozone is powerful in oxidizing As(III), it is complicated, expensive, and hard to 
handle. Therefore, it is not a ideal oxidant for As(IIn oxidation. 
2.3.3. Different forms of manganese dioxide 
Oscarson et al. found that the crystallinity and surface area of Mn02 greatly affected 
the rates of As(III) depletion, which was proved by their study with the cryptomelane ( a 
-Mn02) and pyrolstite (R -Mn02) [31]. They also found that birnessite (s -Mn02) with poor 
crystallinity was an effective As(II~ oxidant [32]. Furthermore, most of the previous 
research concluded that the reaction between As(III) and Mn02 was not strictly 
stoichiometric. Nesbitt et al. [33] proposed atwo-step oxidation between Mn02 and As(III) 
based on their experiments. 
2Mn02 + H3As03 +H2O ~ 2MnOOH* + H3As04 (2.8) 
2MnOOH* + H3As03 + 4H+ ~ 2Mn2+ + H3As04 + 3H2O (2.9) 
They also concluded that the reaction 2.9 is the rate-limiting step, which is consistent 
with the results by Tournassat et al. [7]. 
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The following reaction shows the adsorption of As(V) on the Mn02 surface. 
2Mn-OH + H3As03 ~ (Mn0)ZAsOOH + 2H2O (2.10) 
The reaction rate between Mn02 and As(III) decreased when the pH increased from 
4.0 to 6.8. 
Tournassat et al. [7] studied the higher crystallinity H-Mn02 and found that the 
half-life of As(III) oxidation by H-Mn02 at pH 5.0 is 35 hours, which is much longer than the 
result obtained by Moore et al. , 1.2 hours at pH 7.5. This result means that different 
structures of Mn02 will affect the reaction rate greatly. Also, Tournassat et al. [7] observed 
two-step reaction kinetics. The As(II~ depleted quickly, in less than 1 hour, in the first step, 
and almost all of the As(II~ disappeared in the second step; however, the depletion rate of 
As(III) is limited in this second step. Manning et al. [6] studied As(III) oxidation and 
subsequent As(V) adsorption on synthetic birnessite (Mn02). They found that As(V) 
adsorption subsequent to As(III) oxidation was higher than that in the pure As(~-Mn02
system. They therefore suggested that As(III) oxidation generated new adsorption sites for 
As(V) on Mn02 surface. 
2.3.4. Hydrogen peroxide 
The half-lives of As(III) oxidation by H2O2 obtained from the previous research varied 
from 2.1 to 118 days, with most of the values in the range of 10 to 30 days. Pettine et al. [34] 
found that the speciation of the As(III) greatly affected the reaction rate and that the neutral 
H3As03 did not react with H2O2. According to their results, the oxidation rate increased 
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significantly when the pH increased from 7.5 to 10.3. The ion strength affected the speciation 
of As(III) in the solution and thus played a role in the reaction rate. They also found that 
increasing temperature would increase the reaction rate. Lenoble et al. [13] studied the effect 
of pH on the As(III) oxidation by H2O2 and confirmed that the oxidation rate depended on 
pH and As(III) concentration. They concluded that in order to oxidize a 10"5 M As(III) 
solution, a high H2OZ excess (1000%) was necessary. The lower the As(III) concentration, 
the greater the excess should be. 
2.3.5. Photochemical oxidation 
Both Lee and Choi [11]and Ryu and Choi [5] studied the As(III) photocatalytic 
oxidation in the Ti02/UV process, and both found that OH radicals did not seem to be 
involved in this oxidation reaction, although Yang et al. [35] and Kocar and Inskeep [10] 
concluded that OH radicals were the main As(IIn oxidant in the photochemical oxidation 
process. Lee found that the As(III) oxidation in the Ti02/UV process was highly efficient in 
the air-saturated suspension since the dissolved air not only generated the superoxide but also 
oxidized the intermediate As(IV) to As(V). The addition of ferric ions to their system 
significantly increased the initial As(III) oxidation rate, and the addition of humic acid (HA) 
could also dramatically increase the rate under the acidic condition. Figure 4 shows the 
simplified As(III) oxidation pathway [ 11 ] . 
Ryu and Choi concluded that the generation of superoxides played an important role 
in the photocatalytic oxidation of As(III) in the presence of Ti02 even though superoxides are 
generally thought to be weak oxidants. Hug et al. [9] also suggested that 02 rather than OH-
13 
radical might be the dominant oxidant in homogeneous As(III) solar oxidation in the 
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Figure 4. Simplified pathway of arsenite oxidation in UV-illuminated Ti02 suspension and 
effects of humic acids (HA) and ferric ions on the photocatalytic mechanism 
2.3.6. Ferrite 
The reaction between As(III) and Fe(III) hydroxide is thermodynamically favored, 
just as the reactions below show [36,37] .However, the results of As(III) oxidation by Fe(III) 
in previous studies are inconsistent. 
2Fe(OH)3(am) + H3As03 + 3H+ ~ 2Fe2+ + HZAs04 + SH2O (2.11) 
E° = 0.28V 
2Fe(OH)3 + H3As03 + 4H+ ~ 2Fe2+ + H3As04 + SH2O (2.12) 
E° = 0.40V 
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Hug et al. [9] found that Fe(III) (hydro oxides would not oxidize As(III). Oscarson et 
al. [32] reported that As(III) oxidation with Fe(III) hydroxide was very slow at neutral pH 
and would not occur within 72 hours. However, Lenoble et al. [13] concluded that FeC13 was 
one of the strongest oxidants, and they reported that the reaction happened immediately. 
2.3.7. Sodium hypochlorite 
NaOCI can completely oxidize As(II~. However, it produces a harmful by-product, 
trihalomethane (THM), if the organic content in the water is high. If the treating water does 
not contain much organic material, NaOCI can be a good oxidant because of its low price. 
2.3.8. Potassium permanganate 
The reaction between K:Mn04 and As(III) has little pH dependence and can happen 
very quickly. After comparing five common oxidants, NaClO, FeCl3, H2O2, K:Mn04, and 
Mn02, Lenoble et al. [ 13 ] concluded that K:Mn04 was a promising oxidizer. 
2.4. Adsorption 
Arsenic removal by adsorption is mainly affected by pH, pretreatment of adsorbents, 
and the presence of other ionic and organic components in the aqueous solution. For example, 
phosphate, which has chemical properties similar to those of As(v) and is commonly present 
in natural waters, is a typical competitor during arsenic adsorption in most sorbents. There 
are several kinds of adsorbents in arsenic removal: (1) The conventional adsorbents, such as 
activated alumina and activated carbon, are known to remove arsenic effectively, and these 
adsorbents are well characterized with respect to their operational characteristics and 
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behavior under various water quality conditions. (2) Granular ferric hydroxide (GFH) is a 
novel and commercially available adsorbent that is also demonstrated to remove arsenic 
effectively. (3) Sulfur-modified iron (SMI) is a novel but not yet commercially available 
adsorbent. 
2.4.1. Iron hydroxide 
The theoretical models of arsenic adsorption onto metal oxides and hydroxides include 
surface complexation reactions of adsorbants with surface hydroxyl groups and electrical 
double-layer effects. Pierce and Moore [29] studied the adsorption of arsenite and arsenate on 
amorphous iron hydroxide. They found that am-Fe(OH)3 was a good adsorbent for arsenic 
and that pH is one of the most critical parameters. The maximum adsorption of arsenite, up to 
0.55 mMg 1, was achieved at pH 7.0. But for arsenate, the maximum adsorption, up to 1.5 
mMg-1, was achieved at pH 4.0. Also, they found that the rates of adsorption of both arsenate 
and arsenite were very fast, 99% of the maximum adsorption in 4 hours, but the rate of 
arsenate adsorption was two times faster than that of arsenite. They concluded that other 
amorphous hydroxides with high isoelectric points such as am-Al(OH)3 should also be 
extremely efficient adsorbents for arsenic. Pierce also found that the adsorptive capacities of 
iron and aluminum oxides for phosphate, which is chemically similar to arsenate in structure, 
were also very high. Therefore, phosphate ions play an important role in competing with 
arsenic during adsorption. 
2.4.2. Granular ferric hydroxide (GFH) 
GFH is an akaganeite-like mineral adsorbent and it is composed of poorly crystallized 
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R -Fe00H. Badruzzaman et al. [28] thought that the porous nature of iron hydroxides leads 
to arsenic adsorption at the internal rather than the external surfaces of the GFH. GFH is a 
novel and promising adsorbent since it can adsorb both As(V) and As(III) effectively, 
although its As(III) adsorption efficiency is still lower than its As(V) adsorption efficiency. 
Most of the previous research concluded that the arsenic adsorption on GFH fitted the 
Freundlich model very well and that As(V) adsorption was more pH dependent than As(III) 
adsorption. Banerjee et al. [38] found that the adsorption efficiency of As(V) increased as pH 
decreased since the pHpZ~ (the pH at which the surface charge is zero) of GFH is about 8.0, 
and it is positively charged below this pH. 
2.4.3. Zero-valent iron 
Zero-valent iron (ZVI) is reported by some researchers to remove both the As(V) and 
As(III) efficiently, and most of these studies found that no reduction of As(V) to As(III) 
occurred during the oxidation of Fe°. However, partial oxidation of As(III) to As(V) during 
arsenic removal by ZVI was found in all of these studies, which is probably the reason why 
ZVI is good at removing As(III) [30,39]. ZVI is oxidized in situ according to the following 
reactions: 
Fe° + 2H2O —~ 2Fe2+ + H2 + 20H- (2.13) 
Fe° + p2 + 2H2O --~ 2Fe2+ + 40H" (2.14) 
Then the following reactions may occur depending on the redox condition and pH: 
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6Fe2+ + 0 2 + 6H2O -~ 2Fe30 4(s) + 12H+ (2.15) 
Fee+ + 20H- -~ Fe(OH)2(s) (2.16) 
6Fe(OH)2(s) + 0 2 -~ 2Fe30 4(s) + 6H2O (2.17) 
Fe30 4(s) + 0 2(a~ + 18H2O -~ 12Fe(OH)3(s) (2.18) 
The As(V) and As(III) are removed in the following step by adsorption and 
coprecipitation on the ferrous and ferric oxides or hydroxides. However, As(III) adsorption is 
an exothermic reaction and that of As(V) is an endothermic reaction. All of the previous 
research concluded that the adsorption of arsenic by ZVI followed pseudo first-order reaction 
kinetics. Farrell et al. [40] proposed adual-rate model, and in that model the arsenate 
removal at low arsenate concentrations was pseudo first-order and approached zero-order at 
the high arsenate concentration. Kanel et al. [30] studied As(III) removal by nanoscale ZVI. 
They found that 88.6-99.9% As(III) can be removed by NZVI at pH 4-10 within 1 hour, and 
the reaction rate constant (lcobs) is 1000 times faster than that obtained using micro-size ZVI. 
However, outside this pH range, the removal efficiency decreases sharply. Their results on 
the effect of competing anions show that 10 mM H4SiO4 or H2PO4 can reduce As(III) 
removal from 99.9% to 44.94 or 66.3%, respectively. However, the presence 10 mM HCO3", 
5042', or NO3- will not affect the removal efficiency of As(II~. Su and Puls [41] also studied 
the effect of the competing ions on the removal of arsenic by micro-size ZVI. They 
concluded that phosphate would greatly affect arsenic removal since both arsenic and 
phosphate form inner-sphere complexes with the iron oxides. Silicate, chromate, molybdate, 
carbonate and nitrate would, to a lesser degree, also decrease the arsenic adsorption. However, 
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sulfate and borate have little effect on arsenic removal. 
2.4.4. Hardened paste of portland cement 
Kundu et al. [42] studied a low cost adsorbent: it is a commercially available 
Fe-AI-Si-02 containing complex material (hardened paste of Portland cement, from L&T, 
India). This material contains 21% Si02, 63% CaO, 7% A120 3, 3% Fe20 3, and 1.5% MgO. 
The arsenate removal efficiency can be as high as 95%, and the maximum was achieved at a 
lower pH (4-5). This material can also remove 88% arsenate. The adsorption isotherm fitted 
the Freundlich model better than Langmuir model. 
2.4.5. Red mud 
Red mud is a bauxite processing residue discarded in alumina production. Altundogan 
et al. [43,44] studied arsenic adsorption by red mud. They found that adsorption efficiency 
can be improved by acid treatment. The maximum removal efficiencies are 96.25% for As(V) 
and 87.54% for As(III). The adsorptions of both As(III) and As(V) are pH dependent, and the 
pH optimums for As(IIn and As(V) are 5.8-7.5 and 1.8-3.5, respectively. They also found 
that the As(III) adsorption was exothermic while that of As(V) was endothermic. 
2.4.6. Activated alumina 
Activated alumina can adsorb As(V) better than As(III), and an preoxidation step is 
needed for better removal efficiency. The As(V) adsorption to activated alumina is also pH 
dependent, and the optimum pH is 5.5-6. The adsorption efficiency was much higher under 
acidic conditions. 
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2.4.7. Activated carbon (AC) 
Lorenzen et al. [45] and Pattanayak et al. [46] studied different kinds of activated 
carbon. Lorenzen et al. studied the carbon-in-pulp (CIP) and resin-in-pulp (RIP) processes 
and found that the optimum pH for arsenic adsorption was about 6 and that the pretreatment 
of the carbon with Cu(In solution improved its arsenic removal capacity by 30%. Pattanayak 
et al. compared char-carbon with graphite rod activated carbon. The results indicated that 
char-carbon can remove both As(III) and As(V) efficiently at pH 3. However, the As(II~ 
removal efficiency by graphite rod activated carbon is only one-third that achieved by 
char-carbon, although both forms of activated carbon have the same ability to remove As(V). 
With the graphite rod activated carbon as adsorbent, the optimum pH is 5-7 for As(III) and 
5-8 for As(V). 
2.4.8. Ferruginous manganese ore 
Chakravarty et al. [47]studied a low cost arsenic adsorbent, ferruginous manganese ore 
(FMO), which is primarily composted of R - Mn02, a -Fe0(OH), and Si02. Because of the 
presence of chemically bound moisture, I~ - Mn02 has a performance similar to that of 
Mn0(OH). According to their results, FMO could adsorb As(III) better than As(V), and the 
removal efficiency for both As(III) and As(V) could reach almost 100% at pH 2-8. Once the 
arsenic was adsorbed, it could not be desorbed. 
2.5. Coagulation/precipitation 
This technology can remove As(V) better than As(III). Without the preoxidation 
treatment, the removal efficiency ranges from 10 to 80%. However, the removal efficiency 
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can reach about 100% with the oxidation pretreatment. The initial concentration of arsenic, 
the arsenic oxidation state, the coagulant dosage, the form of the added coagulant, and the pH 
of the arsenic solution are the factors that will affect the arsenic removal efficiency during 
coagulation. Initial As(III) concentration and coagulant dosage are more significant than pH 
in As(III) removal. However, pH is more important than coagulant dosage and initial As(V) 
concentraion in As(V) removal. Actually, in some ranges of initial As(V) concentration and 
the coagulant dosage, the removal efficiency will not be affected by the coagulant dosage. 
During coagulation, As(V) and As(III) maybe removed through precipitation, coprecipitation, 
or adsorption mechanisms. However, some of the previous researchers [48,49] concluded 
that neither ferric arsenate nor other As-bearing surface precipitates were found during 
coagulation or coprecipitation since As(~ and As(III) form inner-sphere surface complexes 
with iron hydroxide sites in coprecipitated and adsorbed solids, which can be illustrated by 
the following reactions: 
Fe—OH+H2As04 +H+ -~Fe—H2As04 +H2O 
Fe—OH+H3As03 —~Fe—H2As03 +H2O 
where = Fe — OH is a hydroxide surface site. 
(2.19) 
(Z.Zo) 
Edwards [50] found that the adsorption density of in situ hydroxide is five times as 
high as that of preformed hydroxide. Therefore, he thought that coprecipitation was an 
operative removal mechanism in As(V) removal by coagulation. Fuller et al. [51] also found 
that the maximum As(V) density for preformed hydroxides is 0.25 M As/M Fe, but that for 
the in situ hydroxide can reach 0.7 M As/M Fe. 
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Iron salts are the most common coagulant used in arsenic removal, but aluminum salts 
are also used, although they are less effective at higher pH values when comparison is made 
on a weight basis. However, one previous researcher [50] found that when pH ~ 7.0, their 
performances in removing As(V) were nearly the same if compared on a molar basis. Iron 
salts are more effective than aluminum salts in removing As(III), although both iron and 
aluminum salts are less effective in removing As(III) than in removing As(V). 
2.5.1. Ferric chloride 
Meng et al. [52] studied the efficiency of arsenic removal by coagulation with ferric 
chloride. Their results showed that As(V) removal increased from 0 to 95%when pH was 
decreased from 10 to 6, while As(III) removal decreased from 80 to 20% when pH decreased 
from 9.5 to 4. The maximum As(III) removal was achieved at a pH value which is similar to 
the first dissociation constant of H3As03 (pK1 = 9.2). Since As(III) has a lower binding 
affinity than As(V) to ferric hydroxide, its adsorption on ferric hydroxide is much lower than 
that of As(V). Meng et al. also investigated the competition ion effect on the removal of 
arsenic. According to their results, sulfate and carbonate have a negligible effect on the 
removal of both As(V) and As(III). The silicate did not much affect As(V) removal, but it did 
significantly reduce the removal of As(III) by coprecipitation with ferric chloride if its 
concentration was higher than 1 mg/L. This is probably because the first dissociation 
constant, pKl, of HZSiO3 is 9.9, so it is present as neutral molecule in water, as is the case for 
As(III). Karcher et al. [53] also investigated arsenic removal using ferric chloride by a 
pilot-scale study. They concluded that the optimum pH for arsenic removal using ferric 
chloride is 6.5. 
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2.5.2. Aluminum or ferric sulfate 
Gulledge and O'Connor [54] studied the removal of arsenic by coagulation with 
aluminum or ferric sulfate. Their results showed that the adsorption on ferric hydroxide was 
higher than that on aluminum hydroxide. They also showed in their experiment that pH and 
the dosage of coagulants were two critical factors that affect the removal of arsenic. 
2.6. Membrane processes 
Membrane processes such as reverse osmosis and nanofiltration are successful for 
As(V) removal but not for As(III) removal, and removal efficiency can be up to 100% .The 
removal efficiency in various pilot studies varied from 40 to 99%, depending on the arsenic 
species in the treated water [55-59]. Although the arsenic removal efficiency of this method 
is less affected by pH, finding the optimum pH is still necessary for maximum arsenic 
removal. The drawbacks of this method are its high cost and the membrane fouling. 
2.7. Ion exchange 
Ion-exchange resin can remove As(V), but As(III) can not be exchanged since As(III) 
exists as the neutral molecule H3As03 in drinking water. Various previous studies have tested 
many kinds of ion-exchange resins in arsenic removal, and removal efficiency is acceptable. 
However, this method is expensive for industrial applications. 
2.8 Lime softening 
In order to use this technology, pH values should be as high as 11-12, and the removal 
efficiency is not very high. This method can be used if removing hardness is necessary for 
the treated water. Otherwise, it requires too high a dose of lime to be cost effective. 
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CHAPTER 3. EXPERIMENTAL SECTION 
3.1. Materials and chemicals 
3.1.1. Materials preparation 
All solutions were prepared using high purity 18M ~ water (Barnstead purification 
system), which is further degassed by purging helium for at least 10 minutes to exclude 
oxygen from the water. All the chemicals were analytic grade and were used as received. 
NaAsO2 used as the source of arsenite (As(III)) was supplied by Aldrich, and the oxidizers 
K:MnO4 and H2O2 were supplied by Fisher Scientific. The oxidizer K2FeO4 was prepared in 
our laboratory using a dry synthesis presented by Neveux et al. [60] . First, the calcium 
hypochlorite and the ferrous sulfate monohydrate were combined, and this mixture was then 
poured over the potassium hydroxide pellets. To avoid an uncontrollable reaction due to 
overagitation, the mixture was only disturbed twice within the first hour. Each time, a stir rod 
was swept slowly once around the beaker to slightly mix the contents. The reaction was then 
left undisturbed for approximately four more hours. After five total hours of reaction time 
had passed, the system turned deep purple. It could also be stirred much more vigorously 
without fear of overreacting; however, stirring was stopped each time the vessel became 
warm. After a total 12 hours of reaction, the reaction vessel was placed in the drying oven at 
8 5 ° C and remained there for 24 hours . 
3.1.2. Measurement of Fe(VI) 
The measurement of Fe(VI) in the product was conducted with the chromite titration 
method [61]. The first step of Fe(VI) measurement was to dissolve ~0.2 g of the Fe(VI) into 
20 mL of an 18 M NaOH solution, followed by the addition of an 0.63 M Cr(III) solution 
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until the purple color disappeared. The reaction between Cr(III) and Fe(VI) can be expressed 
as 
Fe04- + Cr(OH)4 + 3HZ0 ~ Fe(OH)3 (H20)3 + Cr04- + OH- (3.1) 
The next step was to add 150 mL of water, 65 mL of 1/5 H2SO4, 15 mL of an 
H2SO4-H3PO4 (240 mL water + 150 mL 85% H3PO4 + 60 mL 95-97% H2SO4) solution, and 
7-8 drops of an indicator solution (sodium diphenylamine sulfonate). Finally, the prepared 
0.007 M Fe(NH4)2(S 0 4)2 X 6H2O solution was used to titrate the resulting solution, and the 
reaction occurred as follows: 
Cr6+ + 3FeZ+ —~ Cr3+ + 3Fe3+ . (3.2) 





where V (mL) and M are the volume and concentration of consumed Fe(NH4)2(SO4)2X6H2O 
solution, respectively, and m is the weight of the prepared K2Fe04 sample. 
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3.2. Experimental procedure 
3.2.1. Solution preparation 
A stock 100 ppm As(III) solution was prepared by dissolving 0.1734 g of NaAs02 in 
1000 mL degassed deionized water. For each test, 1000 mL of 200-600 ppb As(II~ solution 
was prepared by diluting the stock solution with degassed deionized water. The buffer 
solutions used included 0.001 M CH3COOH with 0.001 M CH3COONa, 0.001 M NaHCO3
with 0.001 M Na2CO3 and 0.001M NaH2PO4 with 0.001M Na2HPO4. 
3.2.2. As(III) oxidation 
When testing the oxidation ability of air, air was purging into the deionized water for 
about 6 hours to make sure the saturated dissolved oxygen was reached. Then the 1000 mL of 
200-600 ppb As(IIn solution was prepared by diluting the stock solution with the saturated 
dissolved oxygen water and adding the required buffer. After that, the solution was left to 
oxidize without being disturbed for about 30 days. 
Oxidation tests were conducted to evaluate the differing performances of KMn04 and 
K2Fe04 in the oxidation of As(III) under different oxidation conditions, including initial pH 
and dosage of oxidizers as well as the initial concentration of As(IIl~. For each test, 1000 mL 
of 200-600 ppb As(III) solution was prepared by diluting the stock solution with deionized 
water. The first step of the oxidation test was to add the diluted As(III) solution, as prepared, 
to a 1000 mL volumetric flask and adjust the pH of the As(III) solution with an appropriate 
amount of the prepared buffer solutions. The second step was to add a designated quantity of 
oxidizer to the As(III) solution and shake the solution for about 10 minutes. The solution was 
left to oxidize without being disturbed for either 24 or 48 hours. Then, 10-100 mL of treated 
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water sample was taken for As(III) analysis. The volume of sample taken for As(III) 
measurement depended on the residual concentration of As(IIn. Each As(III) oxidation test 
was conducted at room temperature (22 - 23°C). 
3.2.3. Analysis of As(IIn and As(~ 
The concentrations of As(III) and As(V) were measured using a 
silver-diethyldithiocarbamate-based method as outlined in Standard Methods for the 
Examination of Water and Wastewater. This method is based on the fact that As(III) and As(V) 
can be selectively reduced by sodium borohydride (NaBH4) to arsine (AsH3) under different 
pH conditions. Under an acetate buffer condition of pH ~5.5, only As(IIl~ exists in the form 
of AsH3, but when the pH value of the solution is lower than 1, both As(III) and As(~ can be 
reduced. The generated AsH3 will be carried by N2 gas and absorbed with silver 
diethyldithiocarbamate. Figure 5 shows the experimental setup. The concentration of As in 
AsH3 was measured at 520 nm by a Varian DMS-100 W/VIS with a detection limit of 3 
ppb. 
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Figure 5. Arsenic measuring experimental setup 
3.2.4. Measurement of redox potentials 
The redox potentials of Fe(Vn and Mn(VII) in the As(II~ solution under either acidic 
or basic conditions were measured by EW-59521-80 LABCOR Consort R305 Proportional 
pH/mV/Ion Controller with Dual Electrode Inputs. 
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CHAPTER 4. RESULTS AND DISCUSSION 
4.1. Preliminary As(III) oxidation test by hydrogen peroxide and air 
4.1.1. Hydrogen peroxide 
The reaction between As(III) and H2O2 is shown in the following equation: 
2H+ +As3+ +H2O2 --~AsS+ +2H2O (4.1) 
Different amounts of H2O2 were added to a 600 ppb As(III) solution to oxidize As(III) 
to As(V). The remaining As(III) was tested after 1, 2, and 4 days, respectively. When the 
mole ratio of H2O2:As(IIn is 2, 1.5, 1.0, 0.8, or 0.5, the remaining As(IIn concentration is 
still higher than 500 ppb even after 4 days. However, when the mole ratio of As(III):H2O2 is 
increased to 2000, 1500, or 1000, the remaining As(III) concentration is lower than 6 ppb. 
Therefore, 1000% excess of H2O2 is needed to oxidize As(IIn, which is consistent with the 
previous result of Lenoble et al. [13]. 
4.1.2. Air 
The following reaction shows the oxidation of As(IIn by air: 
4H + + 2 As 3+ + O 2 —~ 2 As 5+ + 2H 2 O (4.2) 
Air is inefficient in oxidizing As(III) under both acidic and basic conditions since after 
oxidizing 600 ppb As(III) by saturated dissolved oxygen in both conditions for 20 days, the 
remaining As(III) in the solution was still higher than 500 ppb. 
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4.2. As(IIn oxidation by potassium permanganate and potassium ferrate 
4.2.1. The effects of oxidation time 
The residual concentrations of As(III) in water samples collected after 1 and 2 days of 
oxidation are shown in Figure 6. Figure 6 shows that the average variations, s, defined as the 
difference in residual As(III) concentration achieved in the first and second days of tests with 
Fe(VI) and Mn(VII) as oxidizers, were, respectively, 5.5 ppb and -0.9 ppb, and the 
corresponding standard deviations of variance for both systems were 27 and 17 ppb. As the 
standard deviations were larger than the average variations, the differences in As residual 
concentration obtained in 2 days are statistically negligible. In other words, 24 hours was 
sufficient to take representative samples for investigating the performance of both Fe(VI) and 
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Figure 6. Relationships of residual As(III) concentrations between the first day and the 
second day 
4.2.2. The effects of pH and oxidizer dosage 
The results of the oxidation of 400 ppb As(III) by Fe(VI) and Mn(VII) under different 
pH and oxidizer dosages are shown in Figure 7. It is evident that the residual concentrations 
of As(III) varied with the pH value of As(III) solution: that is, the higher the pH level of the 
As(III) solution, the lower the residual concentration of As(III). Figure 7 indicates that the 
oxidation efficiencies for the Mn(VII)-As(III) system were affected much less by pH values 
than were those for the Fe(VI)-As(III) system. For example, when pH values were increased 
from 4.5 to 9.8 at the same 1.78x 10"6 M dosage for both Fe(VI) and Mn(VII), residual As(III) 
concentrations decreased from 390 to 120 ppb for the water treated with Fe(VI), but 
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decreased only from 50 to 30 ppb for the water treated with Mn(VII). Figure 7 also shows 
that the As(III) oxidation efficiencies were affected by the dosages of oxidizers added to the 
As(III) solutions. For example, when the Fe(VI) dosage increased from 1.78x 10"6 to 
7.11 x 10-6 M, the residual As(III) concentration decreased from 390 to 140 ppb under the 
acidic condition (pH ~4.5), and from 120 to 0 ppb for the basic condition (pH ~9.8). 
Based on the results in Figure 7, when the dosage of Fe(VI) increased to 3.56x 10-6 M 
at the basic condition, almost all of the As(III) initially added was oxidized. One liter of 
initial As(III) solution contained 5.33x 10 6 mole of As(III). Therefore, the ratio of consumed 
Fe(VI) to oxidized As(III) is 0.66:1; that is, at the basic condition, 2 M of Fe(VI) could 
oxidize 3 M of As(IIn, which corresponds to the stoichemical prediction of reaction 1.2. That 
is to say, Fe(VI) is reduced to Fe(III) instead of Fe(II) after oxidizing As(III). This result is 
consistent with the result of Lee et al. [ 12], who also concluded the mole ratio of 
As(III):Fe(VI) was 3:2 during As(II~ oxidation by Fe(VI). 
On the other hand, when Mn(VII) is used as an oxidizer, a Mn(VII):As(IIn ratio 
between 0.33:1 and 0.53:1 is needed for complete oxidation of As(III), which probably 
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Figure 7. Effects of oxidizer dosage on residual As(III) concentration (initial As(III) 
concentration: 400 ppb; acidic pH: 4.5; no adjusted pH: 7-9; basic pH: 9.8) 
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The As(IIn oxidation efficiencies affected by the mole ratios of Fe(VI~:As(III) under 
different initial As(III) concentrations and pH conditions are presented in Figure 8. The 
results show that As(III) oxidation efficiencies under the same pH conditions were more 
closely related to the mole ratio of Fe(VI):As(III) than to initial As(III) concentration. Figures 
8a, 8b, and 8c show that the As(II~ oxidation efficiencies did not vary much when the initial 
As(III) concentration changed from 200 ppb to 600 ppb for basic and pH-unadjusted 
solutions. Furthermore, almost 100% of As(III) oxidation could be completed using 0.66:1 
and 1:1 Fe(VI):As(III) mole ratios when pH levels of the As(III) solution were 9.8 and 
unadjusted, respectively. Under acidic conditions, only 50-80% of As(III) was oxidized, even 
though the mole ratio of Fe(VI):As(III) reached 1.33:1. Therefore, experimental results 
indicate that low pH did not favor oxidation of As(III) by Fe(VI). However, reactions 1.1 and 
1.2 predict that an acidic condition should have benefited the oxidation of As(III); that is, a 
high As(III) oxidation efficiency at a low pH condition was predicted. This conflict between 
theoretical prediction and experimental results was due to the acid-catalyzed 
self-composition reaction between Fe(Vn and HZO, which can be expressed as follows: 
4Fe04- + l OH2O —~ 4Fe3+ + 30Z + 200H- (4.3) 
In concentrated base solution or in pH 10-11 basic aqueous solution, Fe042- is the 
most stable. Rush et al. [62] studied the rate constants for the self-decomposition of Fe(VI) 
from pH 1 to 7. They found that the bimolecular rate constant was below 1 x 103 M-1 s-1 at pH 
> 4.5 and steadily increased at lower pH. Lee et al. [ 12] studied the rate constants for the 
reaction between As(III) and Fe(VI) from pH 8 to 13. They found that the oxidation rate of 
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As(III) by Fe(VI) at pH 8.0 was larger than 5 x 105 M-ls"1, and the reaction rate was too fast to 
measure at lower pH. According to their results, the reaction rate between As(III) and Fe(VI) 
seems to be 100 times faster that the Fe(VI) self-composition rate, and the pH should not 
affect As(III) oxidation. However, the reaction rate between As(II~ and Fe(VI) was obtained 
by Lee et al. by measuring only the decay of Fe(VI); the decay of As(III) in the solution was 
not measured [12]. Furthermore, these two previous studies obtained the reaction rate under 
different pH range. Therefore, further research needs to be done to investigate this issue. 
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Figure 8. The As(III) oxidation percentage changes at different Fe(VI):As(III) ratios and 
pH conditions (acidic pH: 4.5; no adjusted pH: 7-9; basic pH: 9.8) 
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The As(III) oxidation efficiencies affected by the mole ratios of Mn(VII):As(III) under 
different initial As(III) concentrations and pH conditions are presented in Figure 9, which 
shows that when the mole ratio of Mn(VII):As(III) is between 0.33:1 and 0.53:1, the As(III) 
oxidation efficiency will be 100%. As the oxidation efficiencies of basic conditions were 
usually greater than those of acidic conditions, the Mn(VII)-As(III) system had the same 
tendencies as the Fe(VI)-As(III) system shown in Figure 8. However, comparison of the 
oxidation results from the Fe(VI)-As(III) system with those from the Mn(VII)-As(III) 
systems shows that Mn(VII) seems to be a better oxidizer than Fe(V~ under acidic 
conditions, and the effects of pH on the Mn(VI~-As(III) system are less than those on the 
Fe(VI)-As(III) system. 
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Figure 9. The As(III) removal percentage change at different Mn(VIn:As(III) ratios and pH 
conditions (acidic pH: 4.5; no adjusted pH: 7-9; basic pH: 9.8) 
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4.2.2.1. Correction factor of Fe(VI) 
Figure 10 indicates that the oxidation efficiencies of As(II~ by Fe(VI) were affected 
significantly by pH values, even though there are good linear relationships between the 
oxidation efficiencies and dosages of Fe(VI). Further dosages of Fe(VI) are needed to 
completely oxidize stoichemically added As(III). To predict the actual quantity of Fe(VI) 
needed for complete oxidation of As(III), a correction factor, r~, is subsequently introduced, 
defined as 
quantityof As(IIn actually oxidzied  Ra
~ quantityof As(IIn theoretically oxidzied Rt ' 
Rt can be calculated as follows: 




where CFe(VI) is the initial oxidizer concentration and V is the volume of As(III) solution 
tested. Based on the As(III) oxidation efficiencies obtained with Fe(VI) as an oxidizer under 
different pH values (Figure 10), a relationship between ~ and pH values is established as 
follows: 
~1= 
~ H  10.66 
p 0.57JX 6.02 (4.6) 
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Therefore, based on Equation 4.4, the actual dosage of Fe(VI) needed to achieve a 
given percentage of As(III) oxidation can be estimated, as shown in Figure 11. For example, 
when the pH value is 7 and the initial As(III) concentration is 1µM, 0.94 µM of Fe(VI) is 
needed for the complete oxidization of As(III); or, when 0.56 µM of Fe(VI) is used for the 














Figure 10. Relationship between correction factors, r~, and pH values (initial As(III) 
concentration: 5.33x 10"6 M; initial Fe(VI) concentration: 2.84x 10"6 M ) 
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Figure 11. Estimation of Fe(VI)/As(III) ratios actually needed for oxidation of As(III) 
under given conditions 
4.2.3. The mechanism of As(III) oxidation 
To further study the mechanisms of As(III) oxidation with Fe(VI) and Mn(VII) under 
different conditions, the relationships between the dosages of oxidizers added and the 
quantity of oxidized As(III) are shown in Figure 12. The results indicate that oxidizer dosages 
have linear relationships with the amount of As(III) oxidized for both the Fe(VI)-As(III) and 
Mn(VII)-As(III) oxidation systems. The slopes in Figure 12, representing moles of As(II~ to 
be oxidized by each mole of oxidizer in the Fe(VI)-As(III) systems at pH 4.5 and 9.8, are 
0.56 and 1.63, respectively. Reaction 1.2 shows that each mole of Fe(VI) can oxidize 1.5 
moles of As(III)—that is, at the basic condition, As(III) oxidation efficiency corresponds 
closely to reaction 1.2. For the Mn(VII)-As(III) systems, the results show that each mole of 
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Mn(VII) oxidized 2.6 and 2.92 moles of As(III) at acidic (pH ~4.5) and basic (pH ~9.8) 
conditions, respectively. There are two possible oxidization processes between Mn(VII) and 
As(III), shown in reactions 1.3 and 1.4. According to reactions 1.3 and 1.4, each mole of 
Mn(VII) can potentially oxidize either 2.5 or 1.5 moles of As(III). Therefore, oxidation of 
As(III) by Mn(VIn occurs as shown in reaction 1.3. Under the basic condition, As(III) 
oxidation efficiencies obtained from experiments for both the Fe(VI)-As(III) and 
Mn(VII)-As(III) oxidation systems were slightly greater than those calculated from reactions 
1.2 and 1.3, indicating that there are other mechanisms 
coprecipitation) involved in the processes of As(III)oxidation. 
Based on the stoichiometric results, the mechanism of the As(III) oxidation by Fe(VI) 
under the basic condition probably follows the mechanism proposed by Lee et al. [12]. The 
following reaction shows the process via atwo-electron-transfer mechanism involving 
oxygen transfer from Fe(V~ to the center atom of As(III): 
(e.g., adsorption and/or 
2HFe(VI)04~ + 2H3As(III)03 ~ 2H03Fe-O-As03H3-
2H03Fe-O-As03H3- —> 2Fe(IV) + 2HAs(V)042" 
Fe(IV) + H3As(III)03 —~ Fe (II) + HAs(V)042-
Fe(IV) + Fe(II) --> 2Fe(II~ 
net: 






Although the existence of Fe(N) in aqueous solution is already proved, its exact form 
in aqueous solution is not clear because of its highly reactive properties in water. Therefore, 
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the charges and elements are not balanced in equations 4.7 to 4.11. This two-electron-transfer 
mechanism was proved by Johnson and Bernard [63] in their experiment on sulfite and 
selenite oxidation by Fe(V~. One electron transfer by reduction of Fe(VI) to Fe(V) is also 
possible and was found in the oxidation of organic compounds such as phenol and aniline. 
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Figure 12. Relationships used for indication mechanism of As(III) oxidation by Fe(VI) and 
Mn(VII) 
4.2.3.1. Possible redoxes involved in As(III) oxidation by Fe(Vn and Mn(VII) 
Possible oxidization processes involved in this study and their redox potentials, yr°, 
either obtained from reference materials or calculated, are listed in Table 1. For the 
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Fe(Vn-As(III) system, Fe042' can be reduced to either Fee+ or Fe3+ under acidic conditions, 
and either Fe(OH)3 or Fe(OH)2 under basic conditions. For the Mn(VII)-As(III) system, 
Mn04 can be reduced to either Mn2+ or Mn02 under acidic conditions, and either Mn(OH)2
or Mn02 under basic conditions. 
Assuming initial As(III) and Fe042- (or KMn04) concentrations are 5.33x10-6 M (400 
ppb) and 1.78x10-6 M, respectively, the variations of four possible Fe(VI)-As(III) redoxes 
and Mn(VII)-As(II~ redoxes under basic and acidic conditions with changes in the 
concentration of Fe042- or Mn04 are illustrated in Figure 13. Figure 13a shows that Fe(V~ 
can more possibly be reduced to Fe3+ and Fe(OH)3 under acidic and basic conditions, 
respectively, which agrees with the conclusions derived from the experimental results. 
However, the situation is different with respect to Mn(VII), for which Mn02 was expected to 
be the final reduction product—a result that warrants further investigation. Moreover, Figure 
13 shows that Fe(VI) has a higher potential than Mn(VII) to oxidize As(II~, since the 
calculated redox potentials of Fe(VI) were higher than those of Mn(VIn under different 
conditions. The experimental results are different from the theoretical predictions in this 
instance due to the effects of water on the stability of Fe042~, which can be explained by 
Figure 14. Figure 14 also shows that there were not significant differences between the 
measured redox potentials of Fe(Vn and Mn(VII) in the As(III) solution under either acidic 
or basic conditions. 
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Table 1. Possible oxidation processes involved and their redox potentials 
Reduction half-reaction yr°, V 
Acidic solution 
Mn04"+4H++3e" ~ Mn02~s~+2H2O 1.70 
Mn04"+8H++5 e" —~ Mn2++4H2O 1.51 
Fe042-+8H++3 e" ~ Fe3++4H2~ 2.20 
Fe3++e" --~ Fe2+ 0.771 
Fe042-+8H++4e" —~ Fe2++4H2O 1.84 
Basic solution 
Mn04"+2H2O+3 e" ~ Mn02~s~+40H" 0.60 
Mn02~s~+2H2O+2e" —~ Mn(OH)2~S~+20H" -0.05 
Mn04"+4H2O+Se" —~ Mn(OH)2~5~+60H" 0.34 
Fe042"+4H2O+3 e" —~ Fe(OH)3~S~+SOH- ~0.7 
Fe(OH)3~S~+e" --~ Fe(OH)2~S~+OH- -0.56 







Figure 13. Estimated redox potentials as functions of concentrations of oxidizers (initial 
As(II~ concentration: 5.33x 10-6 M; initial Fe(VI) concentration: 1.78x 10-6 M; initial Mn(VII) 
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Figure 14. Changes of equilibrium redox potentials under different pH conditions (initial 
As(III) concentration: 5.33x 10-6 M; initial Fe(V~ concentration: 1.78x 10"6 M, initial Mn(VII) 
concentration: 1.78x 10"6 M) 
4.3. Subsequent As(~ removal after As(III) oxidation by Fe(VI) 
The remaining As(V) concentration after 1, 2, and 3 days of oxidation was also tested 
to evaluate the subsequent coagulation effect. The remaining As(V) concentration after 
oxidation of 600 ppb As(III) by different amounts of Fe(VI) under different pH values are 
shown in Figure 15. Figure 15 shows that no more than 30% As(V) is removed by the 
subsequent coagulation. Since the concentration of the reducrion product of Fe(III) was very 
low, this removal efficiency was not affected much by the mole ratio between Fe(VI) and 
As(III). The removal efficiency increased a little bit when the pH increased to 9.8. There are 
two possible reasons why the subsequent removal efficiency was so low in our research. One 
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Figure 15. As(V) removal efficiency after 1, 2, and 3days at different pHs and different 
mole ratios of Fe(VI):As(III) 
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CHAPTER 5. CONCLUSIONS 
It is found that both Fe(VI) and Mn(VII) were good choices for the oxidation of 
As(III). The oxidation efficiency of Mn(VII) did not depend on the pH of the solution, but 
pH played an important role in the As(III) oxidation by Fe(VI) and the oxidation efficiency 
was much higher under basic conditions than under acidic conditions. The initial 
concentration of As(IIn did not much affect the oxidation ability of either oxidant. Fe(VI) is 
reduced to Fe(III) during As(IIn oxidation, and the mole ratio between As(II~ and Fe(VI) is 
3:2 under basic conditions. Two moles Mn(VII) are needed to oxidize 5 moles As(III), and 
the end products are Mn(II) and As(V). Compared with Mn, Fe is both cheaper and a better 
adsorbent. It is also more environmentally friendly and causes fewer health concerns. 
Therefore, Fe(VI) is strongly recommended for application in the oxidation of As(II~ since 
its performance under basic conditions is very good and the pH value of natural water is 
usually basic. However, because of its reaction with water, especially under acidic conditions, 
its oxidation ability is restricted. Future work on methods for preventing the reaction of 
Fe(VI) with water by a chemical method needs to be conducted. The study also finds that 
neither H2O2 nor air is an efficient oxidant for As(III) because of very low reaction rates. 
Although Fe(III) is a good coagulant for removing As(V), the As(V) removal 
efficiency obtained in this experiment was very low. One possible reason for this is that the 
dosage of Fe(VI) used in this research was too low, and no flocculation occurred in this 
experiment. Further research needs to be done to investigate subsequent As(V) removal 
efficiency by coagulation. 
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